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 It has long been recognized that urine 
expressed from the kidney is propelled 
through the ureter to the bladder by the 
means of spontaneous propagating con-
tractions (pyeloureteric peristalsis) that 
originate in cells situated deep within the 
kidney. 1 In most mammals, the urine is 
expelled from a single papilla into a funnel-
shaped calyx or renal pelvis consisting of 
an impermeable urothelium enveloped by 
a single layer of  ‘ typical ’ smooth muscle 
cells (SMCs). 2 In humans and pigs, the 
kidney is multi-papillate, so that a number 
of major and minor calyces fuse to form a 
separate renal pelvis that extends to the 
ureter. Fluorescent indicators of internal 
Ca 2  +   levels and recordings of membrane 
potential using one or a pair of intracel-
lular microelectrodes have demonstrated 
unequivocally that the propagating con-
tractions in the typical SMC layer of the 
renal pelvis are driven by transient rises in 
internal Ca 2  +   concentration ([Ca 2  +   ] i ). 
[Ca 2  +   ] i rises upon Ca 2  +   entry through L-
type voltage-operated Ca 2  +   channels 
(VOCCs) opened during the time course 
of action potentials that propagate the 
length of the upper urinary tract. 3 – 5 
 Histological evidence was fi rst used by 
Gosling and Dixon 2 to suggest that the 
pacemaker cells driving pyeloureteric 
peristalsis are likely to be a population of 
cells that form a relatively sparse layer of 
randomly arranged bundles of thin, 
oft en-branching SMCs that are poorly 
endowed with contractile filaments, 
which they termed  ‘ atypical ’ SMCs. 
Th ese atypical SMCs decrease in number 
with distance from the papilla until they 
are absent in regions distal to the 
ureteropelvic junction. 2,3,6 
 Aft er blockade of action potential dis-
charge with nifedipine, spontaneous tran-
sient depolarizations (STDs) have been 
recorded in spindle-shaped atypical SMCs 
located in restricted regions of the proximal 
renal pelvis of various species. 3 – 5 Transient 
rises in [Ca 2  +   ] i occurring at frequencies 
similar to STD discharge are also readily 
recorded in localized regions of nifedipine-
arrested preparations of the mouse proxi-
mal renal pelvis, which has led to the 
suggestion that STDs are directly generated 
by these Ca 2  +   transients upon the opening 
of Ca 2  +   -activated channels that selectively 
allow the fl ow of cations. 4,5 
 In the absence of nifedipine, synchroni-
zation of spontaneously fi ring STDs into a 
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 Although it has been recognized for more than 140 years that the 
pacemaker driving pyeloureteric peristalsis resides within the kidney, 
the cellular mechanisms underlying this autorhythmicity have been 
little investigated. The demonstration by Hurtado  et al. of a role of 
hyperpolarization-activated cation channels in the maintenance of 
coordinated propagating contractions in the mouse renal pelvis raises a 
number of intriguing possibilities in addition to the provided correlation 
with  ‘ pacemaker ’ function as in the heart and neurons. 
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pacemaker signal large enough to trigger a 
propagating action potential in the typical 
SMC layer has been envisaged to involve a 
coupled oscillator mechanism, as fi rst sug-
gested by Constantinou and Yamaguchi. 7 
Th e atypical SMC bundle fi ring STDs at 
the highest frequency presumably drives 
neighboring atypical and typical SMC bun-
dles so that only one pacemaker region 
would be apparent at any one time 
 ( Figure 1 ). However, as each atypical SMC 
is capable of either generating or contribut-
ing to a neighboring pacemaker signal, the 
dominant pacemaker region can spontane-
ously shift  along the papilla – pelvis border 
of unicalyceal preparations, even between 
calyces in the human kidney. 
 Th e molecular mechanisms underlying 
this coupled oscillator remain unknown 
but clearly involve a dynamic interaction 
between Ca 2  +   entry through L-type 
VOCCs opened upon membrane depo-
larization, uptake and release of Ca 2  +  
from mitochondrial and endoplasmic 
reticulum stores, and the entrainment 
(Ca 2  +   entry enhancement) of Ca 2  +   release 
from both inositol trisphosphate- and 
ryanodine receptor-coupled Ca 2  +   stores 
( Figure 1 ). 4,5 Whether these voltage-
dependent Ca 2  +   entry and internal store-
dependent components of the coupled 
oscillator reside exclusively within atypi-
cal SMCs or are distributed in both atypi-
cal and typical SMCs has yet to be 
established ( Figure 1 ). 
 Th e demonstration by Hurtado  et al. 8 
(this issue), by reverse transcription PCR 
and immunohistology, that the gene prod-
uct and protein for hyperpolarization-
activated cation (HCN) channels, 
particularly HCN3 channels, are prefer-
entially located within the papilla – pelvis 
border is of considerable interest given the 
pacemaker role attributed to these chan-
nels in both the heart and many neurons. 
HCN3 staining was present in regions 
where one would expect atypical SMCs to 
be, while HCN2 staining was extensive in 
the inner medullary collecting ducts. 
Unfortunately, the autofl uorescence in the 
green spectrum reduced the authors ’ abi-
lity to unequivocally colocalize their 
HCN3 staining with the low-level actin 
staining likely to be present in atypical 
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do not express the other components 
(decaying K   +    conductances, Na   +   -Ca 2  +  
exchanger  current, slow Na   +   channels, or 
T-type VOCCs, etc.) of the pacemaker 
mechanisms evident in sinoatrial node 
cells. If this were the case, blockade of 
HCN channels in atypical SMCs would 
completely remove a constant depolari-
zing influence, which would keep the 
membrane potential negative of the 
threshold for the opening of L-type 
VOCCs, thereby reducing the entry of 
Ca 2  +   that is essential for the entrainment 
of the spontaneously fi ring STDs into an 
eff ective pacemaker signal. 
 It is well established that pyeloureteric 
peristalsis is maintained by the endog-
enous release of prostaglandins (PGs). 6 
Th e HCN channels blocked by ZD7288 
could well be located on the cells releasing 
the PGs driving pacemaker-cell autorhyth-
micity. Immunostaining for the enzymes 
responsible for PG synthesis, cyclooxyge-
nase 1 and 2, is intense in the urothelial 
layer of the renal pelvis as well as structures 
within the kidney analogous to the struc-
tures immunopositive for HCN2. 6 If the 
release of PGs from these supporting cells 
is dependent on Ca 2  +   infl ux, blockade of 
HCN channels could well be reducing the 
PG release and therefore the pacemaker 
drive from the proximal renal pelvis, lead-
ing to blockade of the propagating contrac-
tions observed by Hurtado  et al. 8 
 The development of  localized 
 asynchronous contractions along the 
length of the renal pelvis in ZD7288 could 
also arise from a decrease in the cell-to-cell 
coupling between atypical SMCs, between 
atypical and typical SMCs, and / or between 
the typical SMC bundles along the upper 
urinary tract, although the link between 
HCN channel blockade and uncoupling 
remains obscure. Such uncoupling would 
eff ectively disconnect typical SMC bundles 
from their pacemaker drive in a varying 
amount depending on the extent and site 
of the uncoupling. It would be of interest 
to examine whether there is a decreasing 
gradient of frequency of the asynchronous 
contractions with distance from the papilla 
in ZD7288, as is observed with circum-
ferentially cut muscle strips of the renal 
 pelvis. Such a gradient in ZD7288 might 
suggest that atypical SMC pace making and 
atypical – typical SMC  coupling remained 
SMCs. 8 However, the lack of appreciable 
HCN3 staining in the typical SMC wall is 
consistent with existing electrophysiology 
data of the likely complement of ion chan-
nels in typical SMCs. Th e activation of 
HCN currents in typical SMCs would be 
evident by a delayed  ‘ sag ’ in the time 
course of electrotonic potentials evoked 
by a constant hyperpolarizing current 
injection and a  ‘ rebound excitation ’ when 
the current injection was terminated. 
Under voltage clamp, the presence of an 
HCN current in single typical SMCs 
would be clearly evident during long-
duration hyperpolarizing steps to poten-
tials negative of about  – 50  mV. Neither 
phenomenon has been reported in the 
renal pelvis of mice 4,5,9 or guinea pigs, 6 
suggesting that HCN channels are not 
present in typical SMCs. 
 Th e selective blockade of propagating 
contractions and depolarizing waves with 
the HCN channel blocker ZD7288, which 
results in the generation of localized 
non-propagating contractions along the 
length of the renal pelvis, can be inter-
preted in a number of ways. As Hurtado 
 et al. 8 suggest, the HCN channels could 
indeed be located on the essential pace-
maker cells in the very proximal regions 
and to a lesser extent the more distal 
regions of the renal pelvis. Recent models 
of sinoatrial node pacemaking also evoke 
dynamic interactions between the mem-
brane potential, Ca 2  +   entry through L-
type VOCCs during action potential 
discharge, and Ca 2  +   release from stores 
within the sarcoplasmic reticulum. 10 
However, blockade of HCN channels in 
the heart usually only slows the frequency 
of action potential fi ring in the sinoatrial 
node, and there is considerable debate as 
to the relative contribution of the HCN 
channel current to the essential pacemaker 
current. The complete blockade of the 
propagating activity in ZD7288 observed 
in the experiments of Hurtado  et al. 8 
perhaps suggests that atypical SMCs 
 Figure 1  |  Possible cellular model of atypical smooth muscle cell (SMC) pacemaking of 
pyeloureteric peristalsis . Under a constant inositol trisphosphate (IP 3 ) drive arising from the 
intrinsic release of prostaglandins and sensory nerve tachykinins, the spontaneous release of Ca 2  +   
from IP 3 -dependent Ca 
2  +   stores in individual atypical SMCs underlies the generation of small Ca 2  +   
transients and the discharge of   ‘ unitary ’ cation-selective spontaneous transient depolarizations 
(STDs). In the presence of the L-type voltage-operated Ca 2  +   channel (VOCC) blockader nifedipine, 
this store-released Ca 2  +   activates neighboring Ca 2  +   release channels coupled to both IP 3 receptors 
(IP 3 R) and ryanodine receptors (RyR) via standard Ca 
2  +   -induced release of Ca 2  +   (CIRC) mechanisms 
to produce the slow-velocity intercellular Ca 2  +   waves readily observed in atypical SMCs. 4,5 In the 
absence of nifedipine, the membrane depolarization in an individual atypical SMC associated with 
STD firing induces the entry of Ca 2  +   through VOCCs, which leads to the accelerated activation 
(entrainment) of neighboring IP 3 -primed Ca 
2  +   stores both within the same cell and in neighboring 
atypical SMCs as current flows through gap junctions. This depolarization-dependent entrainment 
couples neighboring atypical SMCs within a pacemaker bundle as well as neighboring bundles to 
fire (release Ca 2  +   and generate STDs) synchronously via a coupled oscillator mechanism to create a 
pacemaker depolarization large enough to propagate into the typical SMC layer and trigger action 
potential discharge and contraction. Ca 2  +   concentrations are returned to normal via Ca 2  +   uptake 
into mitochondria and into endoplasmic reticulum stores via activation of the sarco-endoplasmic 
reticulum Ca 2  +   ATPase (SERCA) pump. 
Atypical SMCs
Typical SMCs
Prostaglandins
IP3
IP3R
SERCA
Mitochondria
Cationic STDs Ca2+ Ca2+
VOCC
VOCCs
Entrainment
Endoplasmic
reticulum
RyR
Gap
junctions
Pacemaker signal
Action potentials
Propagating contractions
Ca2+Ca2+
 commentar y 
Kidney International (2010) 77    485
relatively intact, and that only coupling 
between typical SMC bundles along the 
renal pelvis was aff ected. 
 Blockade of pacemaker activity as a 
result of lack of a PG drive and / or cell-to-
cell uncoupling can easily be tested by the 
application of excitatory PGs or upon 
electrical stimulation of small regions of 
the renal pelvis to see whether propagat-
ing contractions can be re-established. 
 Finally, the use of video imaging and a 
membrane potential – sensitive dye by 
Hurtado  et al. 8 provides a new, elegant 
means of directly correlating propagating 
contractions within the muscle wall of the 
upper urinary tract of the mouse with tis-
sue depolarization, which is far simpler 
than previous simultaneous recordings of 
muscle tension and action potential 
 discharge with either intracellular or 
extracellular membrane potential record-
ing techniques but is analogous to the 
recent imaging of contracting prepara-
tions with Ca 2  +   fl uorophores. 4 
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 Hospitalization for community-acquired 
pneumonia (CAP) is common in many 
economically developed countries. 1 – 3 
Surveillance data from several European 
countries and the United States indicate 
that the number of hospitalizations for 
CAP has increased over the past several 
decades. 1,2,4 Between 1998 and 2002, 5.8 % 
of hospitalizations for US Medicare reci-
pients (adults     65 years of age) had CAP 
listed as the primary discharge diagnosis, 
and CAP was listed as a contributing cause 
for 9.1 % of hospitalizations during this 
same time period. 5 
 Acute kidney injury (AKI) occurs in a 
substantial proportion of hospitalized 
patients 6,7 and is strongly associated with 
adverse outcomes. Sepsis and septic shock 
are important causes of AKI in critically 
ill patients. Some studies suggest that 
these factors contribute to more than 50 % 
of cases of AKI in the intensive care unit. 7 
AKI is associated with longer hospitaliza-
tions, need for transfer to an intensive care 
unit, and increased mortality. 6,8 Th e mor-
tality associated with AKI can be extraor-
dinarily high and extends beyond 
in-hospital mortality 6,7 to longer-term 
outcomes. 9,10 In a meta-analyis of pub-
lished studies, AKI was associated with a 
relative risk for mortality of 2.59 (95 % 
confi dence interval: 1.97 – 3.42). 8 
 Given its high prevalence and its asso-
ciation with adverse outcomes, the epide-
miology and pathogenesis of AKI is an 
area of active research interest. Many of the 
previous epidemiological studies of AKI have 
methodological limitations that may limit 
their utility. 11 Although prospective cohort 
studies provide, in general, the strongest 
evidence for an association between a risk 
factor and an outcome, such studies are 
not well suited for determining the 
 incidence of rare outcome events. Th is is 
a particular problem for studies investi-
gating the role of pre-hospitalization risk 
 factors for AKI. Very large populations are 
needed to generate reliable risk estimates. 
Therefore, most studies of AKI do not 
have reliable pre-hospitalization data 
available for analysis. Th e importance of 
preexisting chronic kidney disease as a 
risk factor for acquiring AKI, as well as a 
determinant of poor outcome, is not well 
established. 12 Amdur  et al. 13 reported that 
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 Acute kidney injury in sepsis: 
questions answered, 
but others remain 
 Paul  Muntner 1 , 2 and  David G.  Warnock 2 
 Acute kidney injury (AKI) is a serious complication of sepsis in the 
intensive care setting, with associated increases in the likelihood of 
death, prolonged hospital stay, and increased costs of care. Increased 
risk of developing AKI has now been recognized for patients admitted 
with sepsis and community-acquired pneumonia. Chronic kidney 
disease appears to increase the risk of developing AKI, while short- and 
long-term mortality risks were associated with the absolute increase in 
serum creatinine during hospitalization. 
 Kidney International (2010)  77, 485 – 487.  doi: 10.1038/ki.2009.517 
see original article on page 527
